The ground-state (v = 0) millimeterwave rotational spectrum of propynal (HCCCHO) produced by a DC glow discharge through a low-pressure (∼10-20 mTorr) flow of propargyl alcohol (HCCCH 2 OH) vapor has been observed in the frequency region: 36.0-94.0 GHz. Measured rotational transition frequencies along with the previously reported microwave and millimeterwave transitions were fitted to a standard asymmetric-top Hamiltonian to determine an improved set of rotational and centrifugal distortion constant. Detailed DFT calculations were also carried out with various functional and basis sets to evaluate the spectroscopic constants, dipole moment, and various structural parameters of propynal and compared with the corresponding experimental values.
Introduction
Propynal (HCCCHO) also known as propiolic aldehyde has been found in interstellar molecular clouds TMC-1 and Sgr B2(N-LMH) [1] [2] [3] . In 1955 Howe and Goldstein [4] reported the J = 2 ← 1 and J = 3 ← 2 microwave transitions of the most abundant isotopic species of propynal. They have determined the dipole moment of the molecule to be μ = 2.46 ± 0.04 D. Later on, Costain and Morton [5] determined the rotational constants B, C, and (A − D k ) for the parent as well as various isotopic species and were able to determine an accurate substitution structure. Winnewisser [6] has extended the analysis of the ground state of propynal to the millimeterwave region (95.0-200.0 GHz) which has yielded a set of ground state rotational and centrifugal distortion constants. Reference [6] includes a set of predicted a-type Rbranch frequencies from 37.0 to 94.0 GHz covering J = 4 ← 3 to J = 10 ← 9 transitions which are of prime importance to radio astronomers for conducting search for this molecule in the interstellar space. Infrared-microwave double-resonance spectroscopic study of propynal using a Zeeman tuned He-Xe laser as the infrared source was conducted by Takami and Shimoda [7] to determine the rotational constants of the v 2 = 1 excited vibrational state. Later on, Jones [8] has reported the rotational constants of propynal in the ground as well as several excited state combination and hot bands using a CO 2 laser as the infrared source. In all the previous works propynal was either procured commercially or prepared chemically.
Production of new molecules, molecular ions, and radicals by applying a DC glow discharge through a low-pressure flow of gas or a mixture of gases inside an absorption cell has proved to be an efficient and useful technique [9] . Recently, Jaman [10] has reported an analysis of the millimeterwave rotational spectra of propyne (CH 3 CCH) produced by a DC glow discharge through a mixture of toluene and acetylene vapor and carried out a detailed DFT calculation to evaluate the spectroscopic constants and molecular parameters and compared them with experimental values. In the present communication, we report the analysis of the ground-state (v = 0) rotational spectra of propynal produced by a DC glow discharge through a low-pressure flow of propargyl alcohol (HCCCH 2 OH) vapor in the frequency region 36.0-94.0 GHz. Asymmetric-top K −1 K +1 -structures of different J + 1 ← J transitions which fall under this frequency range have been observed and measured. The measured 2 Journal of Atomic, Molecular, and Optical Physics rotational transition frequencies along with the previously reported frequencies were fitted to standard asymmetric-top Hamiltonian to determine an improved set of rotational and centrifugal distortion (CD) constants. A detailed quantum chemical calculation was also carried out to evaluate the spectroscopic constants, dipole moment, and the structural parameters of propynal. Finally, the experimentally determined rotational and CD constants were compared with the best set of values obtained after a series of DFT calculations. Work on the analysis of the rotational spectrum of propenal (CH 2 CHCHO) produced by DC glow discharge is underway.
Experimental Details
The spectrometer used in the present work is basically a 50 kHz source-modulated system combined with a free space glass discharge cell of 1.5 m in length and 10 cm in diameter. The cell is fitted with two Teflon lenses at each end. A high-voltage DC regulated power supply (6 kV, 1300 mA) procured from Glassman, Japan was used to apply a DC voltage through a flow of low-pressure precursor gases. The cell is connected with a high vacuum pump at one end and to the sample holder section through a glass port on the other.
Klystrons and Gunn diodes followed by frequency doubler (Millitech model MUD-15-H23F0 and MUD-10-LF000) have been used as radiation sources. Millimeterwave radiation was fed into the cell by a waveguide horn and Teflon lens. A similar horn and lens arrangement was used to focus the millimeterwave power onto the detector after propagating through the cell. The output frequency of the millimeterwave radiation was frequency modulated by a bidirectional squarewave of 50 kHz [11] , and the signal from the detector (Millitech model DBT-15-RP000 and DXP-10-RPFW0) was amplified by a 100 kHz tuned preamplifier and detected by a phase-sensitive lock-in amplifier in the 2f mode. The output of the lock-in amplifier was connected to an oscilloscope or a chart recorder for signal display. The uncertainty in frequency measurement has been estimated to be ±0.15 MHz. A block diagram of the spectrometer is shown in Figure 1 . Details of the spectrometer used have been described elsewhere [12, 13] .
Propynal was produced inside the absorption cell by applying a DC glow discharge through a low-pressure (∼5-10 mTorr) flow of propargyl alcohol (HCCCH 2 OH) vapor. The discharge current was maintained at around 5 mA with an applied voltage of 1.0 kV. A mechanical on/off type discharge was found to be suitable to observe good signals of propynal. A controlled flow of liquid nitrogen vapor was used to cool the cell during the experiment. The observed signals of propynal appeared as sharp lines immediately after the DC discharge was applied but started losing intensity with time. Application of fresh discharge helps in regaining the previous intensity.
Computational Method
Quantum chemical computations were performed using GAUSSIAN 03 package [14] . Density functional methods with various functionals were used to calculate the structural parameters, dipole moment, and total energy (sum of electronic and zero point energy) as well as the rotational and centrifugal distortion constants of propynal. The geometry Table 1 : Microwave and millimeterwave rotational transition frequencies of propynal (HCCCHO) in the ground vibrational state (in MHz.).
Transition
Frequency 
Rotational Spectrum and Analysis
The rotational spectrum of propynal was predicted in the frequency range 36.0-94.0 GHz using the rotational and centrifugal distortion constants reported earlier [6] . Accordingly, J = 4 ← 3 to J = 10 ← 9 transitions along with their different K −1 K +1 components were predicted and compared with some of the predictions given in [6] . Different K −1 K +1components in each series were measured. Finally, 145 aand b-type R-and Q-branch transitions consisting of all previous microwave [5] , millimeterwave [6] , and present data were fit to the semirigid rotor Watson's S-reduction Hamiltonian (I r -representation) [16] to determine an improved set of spectroscopic constants including five quartic (D J , D JK , D K , etc.) and three sextic (H JK , H KJ , and h 1 ) centrifugal distortion constants. Being a light molecule (mol. wt. 54), the shifts in frequency of the absorption lines from their rigid rotor positions due to centrifugal distortion were found to be substantial for the higher J and K −1 transitions. The maximum shift was found to be 1049.55 MHz for 19 (14, 6) -18 (14, 5) transition. The assigned new transitions and those reported by earlier workers [5, 6] are listed in Table 1 . The inclusion of sextic constants H JK , H KJ , and h 1 were found to be necessary to reproduce the observed frequencies with high J, high K −1 millimeterwave transitions. The contribution of the sextic distortion constant H J was found to be too small to be determined. All the ground state spectroscopic constants obtained for propynal using this "global" fit are listed in Table 2 . A typographical error for the CD constant d 2 (R 5 ) = −19.500 ± 1.59 kHz in [6] has been noticed. The value of d 2 in [6] should have been either −0.0195 kHz or −19.500 Hz. The new value of d 2 in our case comes out to be −0.022 ± 0.002 kHz. It is quite evident from Table 2 that the standard deviations of most of the parameters have come down with this analysis as compared to their respective values reported in [6] . The agreement between the derived set of spectroscopic constants and those obtained earlier [5, 6] with commercial samples indicates that the newly assigned transition frequencies of Table 1 definitely belong to propynal, a discharge product of propargyl alcohol. Figure 2 shows the observed trace of the K −1 = 3 doublet of J = 9 ← 8 transition immediately after the DC discharge was applied. The trace remained visible for a couple of minutes on the oscilloscope screen with gradually diminishing intensity. 
Computational Results
Propynal is a slightly asymmetric prolate top molecule (κ = −0.989). The optimization of geometry for propynal has been tested at various levels of theory and basis sets. However, the computed rotational and centrifugal distortion constants obtained with B3LYP level of theory with 6-311++g(d, 2p) basis set are found to be in good agreement with the observed values. The model B3PW91 with basis set 6-311++g(d, 2p) also provides the values of spectroscopic constants which are close to the experimental values. But in the later model percentage error of constant A is slightly greater than the previous one. Hence we have chosen B3LYP/6-311++g(d, 2p) configuration for comparing different molecular constants with our experimental values. Results obtained with various models and basis sets are shown in Table 3 . The calculated values of rotational and centrifugal distortion constants obtained with DFT B3LYP/ 6-311++g(d, 2p) have been compared with the corresponding experimental values in Table 2 . The calculated energy for the optimized geometry of propynal is 5188.185 eV, and the dipole moment at the optimized geometry is 3.074 D.
The number and labeling of propynal molecule is shown in Figure 3 . Bond lengths and angle have been computed and are shown in Table 4 .
Conclusion
An efficient method of generating propiolic aldehyde (propynal) in the gas phase by applying a DC glow discharge through a low-pressure vapor of propargyl alcohol inside the absorption cell has been presented. The gas-phase rotational spectra of propynal produced in this way have been recorded and analyzed in the frequency range 36.0-94.0 GHz. The asymmetric-top K −1 K +1 -components of different transitions having J values 3 to 9 have been measured. The observed transition frequencies along with the previously reported data [5, 6] were fitted to a standard asymmetric-top Watson's S-reduction Hamiltonian (I r -representation) to determine an improved set of rotational and centrifugal distortion constants and compared with the previously reported values of propynal obtained using a commercial sample. A good agreement between the two sets of values confirms that propynal is one of the major discharge products of the propargyl alcohol vapor. To compare the experimental results with theory, DFT calculations were performed using various models and basis sets. However, it was found that B3LYP model with 6-311++g (d, 2p) basis set produced the best values of rotational and quartic centrifugal distortion constants which are close to the experimental values.
